We show that in the case of a uniformly accelerated charge, in its instantaneous rest frame, there is only a radial electric field as the acceleration fields strangely get cancelled at all distances by a transverse term of the velocity fields. Consequently, no electromagnetic radiation will be detected by any observer from a uniformly accelerated charge, even in the far-off zone. This is in contradiction with Larmor's formula, according to which a uniformly accelerated charge would radiate power at a constant rate, which is proportional to the square of the acceleration. On the other hand, the absence of radiation from such a charge is in concurrence with the strong principle of equivalence, where a uniformly accelerated charge is equivalent to a charge permanently stationary in a gravitational field, and such a completely timestatic system could not be radiating power at all.
Introduction
According to Larmor's formula, an accelerated charge radiates electromagnetic power at a rate proportional to the square of its acceleration [1, 2, 3, 4] P = 2e 2v2 3c 3 .
However, the net rate of momentum loss to radiation by such a charge is nil
because of the azimuthal symmetry (∝ sin 2 φ) of the radiation pattern, at least in the case of a non-relativistic motion [2, 3, 4] , and consequently the formula leads to a violation of the energy-momentum conservation law [5] . Moreover, from the strong principle of equivalence, a uniformly accelerated charge is equivalent to a charge permanently stationary in a gravitational field [6] and in such a completely time-static system, there cannot be radiation of power at any instant, let alone a continuous radiation for an indefinite time interval.
From a careful scrutiny of the electromagnetic fields of a uniformly accelerated charge, we shall show that there is no electromagnetic radiation anywhere, not even in the far-off regions. As we will explicitly demonstrate, this happens because the acceleration fields get cancelled neatly by a transverse component of velocity fields, at all distances. As a result, there is no Poynting flux with a term proportional to the square of acceleration, usually called the radiated power, implying thereby that no electromagnetic radiation takes place from a uniformly accelerated charge.
2 Electromagnetic fields of a uniformly accelerated chargeno evidence of radiation anywhere A uniformly accelerated motion usually implies a motion with a constant proper acceleration, say, g. We may assume it to be a one-dimensional motion, as we can always transform to another inertial frame so as to make the component of the velocity vector in a direction perpendicular to the acceleration vector zero.
We shall now explicitly demonstrate that in the instantaneous rest frame of a charge with a constant proper acceleration, there is a complete cancellation of acceleration fields by a transverse term in the timeretarded velocity fields at all distances.
Electromagnetic fields of a charge e, moving in one dimension with a proper acceleration g (= γ 3v ), can be written for any given time t as [2, 3, 4, 7] 
where the subscript t' indicates that quantities within the square bracket are to be evaluated at the corresponding retarded time t ′ = t − r/c. Now, for a one-dimensional motion with a constant proper acceleration g, the velocity v at the retarded time t − r/c is obtained from its present value v o at time t (with γ, γ 0 being the corresponding Lorentz factors) as
Therefore, in the instantaneous rest-frame (v 0 = 0), the proper acceleration and the retarded value of the velocity are related by γv = −gr/c. Basically this happens because for larger r, we need to go further back in time to get the time-retarded value of velocity, which, in the case of a uniform acceleration, is directly proportional to the time interval r/c. Substituting for g in Eq. (3), and after a rearrangement of terms, we get the electric field in the instantaneous rest-frame as
Using the vector identity n × (n × v) = n(n.v) − v, we get the expression for the 35/01/02 2 www.physedu.in electric field in the instantaneous rest-frame of a uniformly accelerated charge as
where there is only a radial electric field with respect to the charge position at the retarded time, with the transverse acceleration fields in Eq. (3) having got cancelled by transverse component of velocity fields, for all r. There is thus neither any magnetic field nor Poynting flux anywhere and therefore no observer would detect any radiation at whatever distance, in the instantaneous rest frame. This in turn is in agreement with the strong principle of equivalence where a charge permanently stationary in a gravitational field, and thereby with no whatsoever temporal variations, and which is equivalent to a charge having a constant proper acceleration [6] , cannot be continually radiating [8, 9] .
At any other time, when v o = 0, in addition to the radial term in Eq. (6), we also have a transverse term for the electric field
Now the transverse terms, proportional to the present velocity γ 0 v 0 , fall rapidly with distance (∝ 1/r 2 ); the Doppler beaming fac- 
We see that the Poynting flux falls rapidly with distance (S → 0 as r → ∞). Here we find no term independent of r and proportional tov 2 , that is usually defined as the radiated power, implying thereby, no radiation from a uniformly accelerated charge.
To fully comprehend its physical implications, we replace the uniformly accelerated charge at its position at the retarded time t ′ , by a charge moving with a uniform velocity v 0 (equal to the "present velocity" of the accelerated charge). The electric field for such a charge can be written as
where we have used the vector identity v 0 = n(n.v 0 ) − n × (n × v 0 ). Now, in this case too we get the same Poynting flux (Eqs. (8)) through a spherical surface around the retarded position of the charge. This is true for any r. As for a charge moving with a uniform velocity, a finite Poynting flux certainly does not imply power being radiated away from the charge, it is merely due to the movement of the charge along with its self-fields, with a ve-35/01/02 3 www.physedu.in locity v 0 with respect to the retarded position upon which the spherical surface is centred. Same is the case of a uniformly accelerated charge which has a "present" velocity v 0 with respect to its retarded position and therefore it does not represent any power being radiated away from the charge.
3 What is amiss in Larmor's radiation formula?
A pertinent question that could arise here is: If a uniformly accelerated charge does not radiate, which contradicts Larmor's formula, does it mean that Larmor's formula is invalid? How could this issue be resolved? Actually, in the text-book derivation of Larmor's formula (Eqs. (1)), Poynting's theorem is improperly applied to equate the radiated power at time t to the rate of loss of the mechanical energy (E me ) of the charge at a retarded time t
However, in Poynting's theorem all quantities are supposed to be calculated for the same instant of time [2, 3, 4] , say, t and one cannot directly calculate the rate of loss of the mechanical energy (E me ) of the charge at a retarded time t ′ = t − r/c from the radiated power at time t. That Eq. (10) could lead to wrong conclusions can be seen by applying it to the case of an accelerated charge that is instantly stationary at t ′ . The charge has no velocity at that instant and hence no kinetic energy, therefore the left hand side can only be zero, while the right hand side yields a finite result for the Poynting flux (proportional to square of the acceleration of the charge, with no dependence on velocity). Therefore the derivation of Larmor's formula (Eqs. (1)) employing Eqs.(10) may not be a legitimate one and it is this oversight which could mostly be responsible for the confusion in this century-old problem.
It is important to note that in the case of a periodic motion of period T, there is no difference in the radiated power integrated or averaged between t to t + T and t ′ to t ′ + T, therefore Eq.(10), and thereby Larmor's formula, does yield a correct average power loss by the charge for a periodic case. Further, for a periodic motion, e.g., a harmonically oscillating charge in a radio antenna, it is easily verified that <v 2 >=< −v · v > [10] , therefore Larmor's formula (Eqs.(1) yields the same time-averaged radiative power as from the formula derived from the famous Abraham-Lorentz radiation reaction formula [11, 12, 13, 14, 15] , where one gets instantaneous power loss of the charge (in a non-relativistic motion) as [10] 
However, in a non-periodic motion, as in the case of a uniform acceleration, Larmor's formula does lead to wrong conclusions. Once this fact is realized, much of the doubt or confusion in this long-drawn-out controversy disappears.
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Electromagnetic fields in terms of the "real-time" motion of the charge
It is possible to solve the expression for electromagnetic fields of a uniform accelerated charge, not necessarily in terms of motion of the charge at retarded time as in Eqs. (7), instead wholly in terms of the "real-time" motion of the charge [16] . Now, without any loss of generality, we can choose the origin of the coordinate system so that α = c 2 /g, then the position and velocity of the charge at a time t are given by z c = (α 2 + c 2 t 2 ) 1/2 and v = c 2 t/z c . Due to the cylindrical symmetry of the system, it is convenient to employ cylindrical coordinates (ρ, φ, z). The electromagnetic fields at time t can then be written as [17] E ρ = 8eα 2 ρz/ξ
where
The remaining field components are zero. Our discussion pertains to the region z + ct > 0 because fields only within this region could have any causal relation with the retarded positions of the charge [17] .
The charge happens to be at the same location at times t and −t, i.e., z c (t) = z c (−t). Then from Eq. (12) it can be seen that the electric field E (with components E ρ , E z ) is an even function of time, i.e., at any given location (ρ, φ, z), E(t) = E(−t). On the other hand, the magnetic field B (with a component B φ ) is an odd function of time, i.e., B(t) = −B(−t), with B = 0 at t = 0. Thus there is no Poynting vector, (∝ E × B) , seen anywhere at t = 0. Further, at any given location, the Poynting vector at time t is equal and opposite to its value at −t. Now at t = 0, any radiation emitted in past at any time (say, t = −t 1 < 0) should be visible as a Poynting flux passing through a spherical surface of radius r 1 = ct 1 around the corresponding retarded position of the charge. But the fact that the Poynting vector is seen nowhere at t = 0, implies absence of any radiation emanating from charge at all t = −t 1 < 0. Moreover, corresponding to any event on the charge trajectory even at t > 0, we can always find an inertial frame which is the instantaneous rest frame of the charge, and in that frame we can thus conclude that no radiation has taken place from the charge at any past event which is in conformity with the assertion that no radiation ever takes place from a uniformly accelerated charge. Incidentally, Pauli [18] , exploiting Born's solutions [16] , drew attention to the fact that in the instantaneous rest-frame of a uniformly accelerated charge, B = 0 throughout, and from that he inferred that there might be no radiation for such a motion.
It has been said in literature that the radiation emitted by a uniformly accelerated (or decelerated) charge goes into regions of space-time inaccessible to a co-accelerating observer [19] . For instance, there are discontinuous δ-fields present in the z = 0 plane 35/01/02 5 www.physedu.in at time t = 0, and it is the conjecture that all the radiation emitted by the charge during its uniform acceleration until t = 0 has gone into these δ-fields [20] . However, these δ-fields could have no causal relation with the charge during this period, instead the δ-fields have causal relation with the charge at time t = −∞ and actually represent the original velocity fields of the charge prior to the onset of acceleration at that time [9] . The energy in the δ-fields could, at most, be representing the energy loss by the charge due to a rate of change of acceleration (Eq. (11)), when the acceleration rose from initial zero value to attain a final constant value, g, at t = −∞. It has been explicitly demonstrated [9] that there is no Poynting flow across the z = 0 plane at t > 0 and that the field energy in regions of space-time inaccessible to a co-accelerating observer actually appears at the cost of a steady reduction of energy in δ-fields. Now, let Σ be a fixed finite spherical surface surrounding the charge at t 1 . The same surface Σ surrounds the charge at −t 1 as well, because z c (t 1 ) = z c (−t 1 ). The Poynting vector at any point on the surface Σ at time t 1 is exactly equal but opposite to its value at time −t 1 . Therefore Poynting flux through Σ S = Σ dΣ (n · S) (13) at time t 1 is equal and opposite to that at −t 1 . Thus while there may be an outflow of Poynting flux through surface Σ at time t 1 , but there is an equal inflow of Poynting flux through surface Σ at time −t 1 . This assertion is true for any spherical surface of any radius around the charge, and is therefore not consistent with there being always an outflow of radiation from a surface surrounding an accelerated (or for that matter even a decelerated) charge, as given by standard radiation formulas. The electromagnetic field energy in a volume V is given by the volume integral
The field energy density, (E 2 + B 2 )/8π, being equal at times t 1 and −t 1 , its volume integral over any chosen V, even in some far-off zone, is also equal at times t 1 and −t 1 . Actually, from detailed calculations it has been shown [9] that the total electromagnetic field energy in the case of a uniformly accelerated charge, including the contribution of the acceleration fields as well, at any instant is very much the same as that of a charge moving uniformly with a velocity equal to the instantaneous "present" velocity of the accelerated charge. Thus as the charge velocity increases (during the acceleration phase), its net field energy would increase accordingly and the outflow of Poynting flux represents the increasing field energy. On the other hand, as the charge slows down (during the deceleration phase), its net field energy accordingly decreases and the inflow of Poynting flux represents the decreasing field energy in the space throughout. This deduction is reinforced by the fact that the field energy of the charge is the 35/01/02 6 www.physedu.in same at t 1 and −t 1 since the charge at those two instants is moving with equal speeds (even if in opposite directions). However, there is no trace of any additional energy in electromagnetic fields corresponding to the energy radiated in the intervening period. One can also compute the electromagnetic field momentum contained within a volume V from 1
Since B = 0 at t = 0 (Eq. (12)), there is no momentum in the electromagnetic fields anywhere, in the instantaneous rest frame. Further, for t = 0, from Eq. (15) in conjunction with Eq. (12), the electromagnetic field momentum within any chosen V, even in some far-off zone, is not only equal but in opposite directions at times t 1 and −t 1 . Now, this fits the expectation that since the charge occupies the same location but has equal and opposite velocities at t 1 and −t 1 , any given volume element should contribute to the self-fields equal and opposite field momentum, proportional to the "present" velocity, at t 1 or −t 1 . From the cylindrical symmetry of electromagnetic fields (Eq. (12)), it is easily seen that the net electromagnetic field momentum, integrated over all space, is directly proportional to the instantaneous velocity v of the charge. However, there is no trace of any additional momentum being carried away by radiation fields which would even otherwise have different angular distributions, due to Doppler beaming along opposite directions of velocities, at t 1 and −t 1 .
Conclusions
We showed that contrary to the predictions of Larmor's/Liénard's radiation formula, no observer anywhere would detect any radiation from a uniformly accelerated charge, in agreement with the absence of electromagnetic radiation from such an accelerated charge. This conclusion is also in accordance with the strong principle of equivalence.
